By using biotin-labeled proteoglycan core protein, hyaluronan (hyaluronic acid; HA) was visualized in rat heart grafts at different times (2, 4, and 6 d) after transplantation. In normal, nontransplanted hearts HA was present in the adventitia of arteries and veins and in the myocardial interstitial tissue. An increased accumulation of HA was evident in the edematous interstitial tissue, infiltrated with lymphocytes, on day 4 after allogeneic transplantation, and was even more pronounced by day 6. No apparent increase in HA was seen in syngeneic grafts. Biochemical assay of HA in heart tissue demonstrated that the myocardial content of HA had increased 60% by day 2 after transplantation in allogeneic as well as syngeneic grafts, indicating that surgical trauma may induce some HA accumulation in heart grafts. The extractable amounts of HA declined during the following days in the syngeneic grafts, but increased progressively during the development of rejection in the allogeneic grafts, and increased on average three times by day 6. The relative water content also increased progressively during rejection of allogeneic grafts and correlated with the HA accumulation. The interstitial accumulation of HA, a glycosaminoglycan with unique water-binding qualities, is presumably implicated in the development of interstitial edema during rejection of heart grafts. (J. Clin. Invest. 1990. 85:668-673.) hyaluronic acid * heart graft * allograft -rejection * edema
Introduction
Previous studies on the formation and remodeling of extracellular matrix in transplanted organs have mainly focused on the latter stages of rejection and the development of fibrosis. The early stage of the connective tissue response during rejection has until now been little studied. The early remodeling process of the matrix may be important not only for the later development ofgranulation tissue but also for the function ofthe graft. Accumulation ofthe connective tissue component hyaluronan (HA)' (hyaluronic acid or hyaluronate by older nomenclature [1] ) is an early event after an inflammatory injury (2) . The synthesis of HA in rejecting grafts has not previously been investigated, but a number of inflammatory mediators likely to be operative during rejection have been reported to enhance the HA synthesis by mesenchymal cells (3) (4) (5) . HA is a linear polymer built up of the repeating disaccharide N-acetylglucosamine-glucuronic acid and an important constituent of loose connective tissue (6, 7) . The properties of HA are important for water homeostasis; it attracts water by osmotic forces and resists water flow (7, 8) . Thus, excessive accumulation of HA in interstitial tissue might immobilize water and contribute to interstitial tissue edema (9, 10) . Assuming that HA synthesis is enhanced during rejection, the water-binding properties ofHA may be of utmost importance for the development of transplantation edema, and thereby a threat to graft function.
In this study we localized HA in heart grafts ofrats by using a specific probe to HA. The accumulation of HA in the graft during different phases of rejection was quantified by a biochemical assay. The accumulation of HA in the graft tissue was correlated to the development of the transplantation edema.
Methods
Animals. Lewis and DA rats (originally derived from M0llegaard, Skensved, Denmark, and from Bantin & Kingman, N. Humberside, UK, respectively) were bred in our own animal department. The male rats used for the experiments weighed 150-200 g.
Transplantation. Donor rats were anaesthetized with intraperitoneally administered thiobutabarbital (Byk, Konstanz, FRG), 120 mg/kg body wt. Recipients were anaesthetized with an intraperitoneal injection of chloral hydrate solution, 3.5 mg/kg body wt. The donor hearts were flushed through the caval vein with 1-2 ml of an ice-cold histidine-buffered perfusion solution with ionic composition corresponding to extracellular fluid ( 11). The aorta was then flushed with another 2 ml of the perfusion fluid and the heart was removed after ligation of the caval and pulmonary veins. A nonsuture anastomose technique originally described by Heron (12) and later modified (13) was used for organ grafting. The donor heart was heterotopically transplanted to the neck vessels of the recipient: the aortic root was anastomosed to the right common carotid artery and the pulmonary artery to the right jugular vein ofthe recipient. The total duration ofcold ischemia for the heart was 5-10 min.
Syngeneic graft transplantation was performed between Lewis rats and allogeneic graft transplantation with DA rats as donors and Lewis rats as recipients. 2, 4, and 6 d after transplantation, the anaesthetized rats were exsanguinated. The heart graft and the animal's own heart were immediately taken out and used for either histopathological examination or tissue analysis of total graft HA and water content.
Heart tissue preparation, extraction oftissue HA, and calculation of water content. All preparations were made immediately after death. Hearts and cardiac grafts used for histopathology were fixed in 1% cetylpyridinium chloride buffered 4% formalin, pH 7.3, and stored at room temperature until paraffin-embedded and sectioned. Hearts and filter paper at room temperature (wet weight) and later after lyophilization at -80'C for 4 d (dry weight). The 
Results
Histopathologicalfeatures and localization ofHA in the heart tissue. In the normal heart tissue, positive staining for HA was observed in the adventitia of arteries and veins and the connective tissue of the perimysium (Fig. 1 A) . Positive staining for HA was also seen along the epi-and endocardium. A faint thin staining for HA was seen in the endomysium, giving the impression that individual muscle fibers were surrounded by a narrow lining of HA (Fig. 1 B) . The original heart of the animals that obtained allogeneic or syngeneic heart grafts had a similar staining pattern for HA on days 2-6 after transplantation.
2 d after allografting the donor hearts (n = 4) exhibited an increased number of cells, mostly lymphocytes, in the interstitial space but also diffusely between the muscle fibers. Investigations on days 4 (n = 4) and 6 (n = 6) revealed that the cell infiltration increased progressively in the allogeneic grafts (Fig.  2 B) . The number of mast cells identified by toluidine blue decreased with time in the allogeneic graft. While the recipient's own heart contained 120-200 mast cells per section, the average mast cell number in the graft was -25 on day 2. The mast cells were virtually absent on day 6. An increased distance between the muscle fibers in the graft was apparent on day 4 . This finding was interpreted as an interstitial edema and was more pronounced on day 6. During the development of rejection, a uniform change of the staining pattern for HA was observed: from day 2 to day 6 a progressively larger area of each section stained for HA (Fig. 2 B) . The accumulation of HA was localized to the swollen endomysium which showed a homogenous positive staining for HA (Fig. 2, C and D) . The syngeneic grafts showed a slight increase in round cell infiltration on days 2-6. In the interstitial space HA staining was normal or only slightly increased.
HA content in the heart tissue. The content of HA in the hearts of healthy control rats (n = 10) was on average 306±10 (SEM) ,ug/g dry weight as determined by extracting the freezedried and homogenized heart tissue with 0.5 M NaCl.
Compared with the nontransplanted heart of the control rats, the HA content of the syngeneic cardiac graft increased by day 2 and was on average 527±30 Ag/g d.w. (P < 0.001). By days 4 and 6 the HA content of the transplanted heart tended to decrease (Table I ). In the allogeneic grafts the HA content was on average 512±37 gg/g d.w. on day 2 (P < 0.001). The HA content increased progressively (P < 0.01) on days 4 and 6 (Table I ). By day 6 the average HA content of the allogenic graft was on average three times higher than in the healthy heart. The transplantation had no influence on the HA content of the animal's own heart (Table I) .
Water content of the heart tissue. The relative water content of the healthy control rat heart was on average 76.4±0.2% (SEM) (n = 10). Compared with the heart of the controls, the relative water content was increased on day 2 to 79.9±0.4% in syngeneic grafts (P < 0.001) and to a similar extent in allogeneic grafts (Table I ). In the syngeneic grafts the relative water content remained at the same level between days 4 and 6, while in the allogeneic grafts the water content of the transplant increased progressively (P < 0.01) and on day 6 was close Figure 1 . A, Cetylpyridinium chioride-formalin-fixed, paraffin-embedded rat heart tissue section with an artery at the top right. HA (brown color) is located in the adventitia of the artery and in the connective tissue of the perimysium. HA was detected by an indirect avidin-biotinperoxidase technique (see Methods). Original magnification XI100. B, Tissue section of normal rat heart at higher magnification illustrates a positive, but discrete, HA staining of the endomysium. Original magnification X400.
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to 83% (Table I ). The water content of the nontranspianted heart was not influenced by the transplantation or the rejection of the transplant (Table I ). There was a significant correlation between relative water and the HA contents of the allogeneic grafts (r = 0.62, P < 0.05).
Using the values for the relative water content in control rat hearts (mean value 76.4%) and in cardiac grafts on days 2-6 after allogeneic transplantation we calculated the increase in the total heart water after transplantation from the formula: w.w. of cardiac graft X 10'2 (cardiac graft water, % -normal heart water, %). The The major mechanism of HA clearance from the heart tissue is presumably via lymph drainage to the general circulation and uptake by the liver (18) . The appearance of HA in the myocardial interstitial tissue after heart transplantation may therefore be partly due to surgical damage to the lymph vessels and impaired elimination of HA. In fact, the extractable myocardial HA had increased by 60% on the second postoperative day after both syngeneic and allogeneic heart transplantation. However, whereas the HA accumulation observed during-rejection of the allogeneic grafts increased progressively, the HA content of the syngeneic grafts leveled off and tended to decrease after the initial increase on day 2 after transplantation. It is therefore likely that the progressive HA accumulation during heart rejection is due to an enhanced HA synthesis in the interstitial tissue.
The cellular source of the myocardial HA during rejection has not been identified in this study. It is conceivable that fibroblasts or other mesenchymal cells present in the intersti- The contents of HA and water in the recipients' original nontransplanted hearts are also given. The extraction of HA was performed from freeze-dried heart tissue with 0.5 M NaCI. * P < 0.05; * P < 0.01. Statistical differences between the HA and water contents of the heart grafts and the original hearts were tested using the paired t test.
tial myocardial tissue become activated to an enhanced HA production by immune mediators released during the cell invasion of the transplant. Lymphokines and macrophage products can influence fibroblast activity (19, 20) , and a number of inflammatory products with fibroblast-activating properties, e.g., interleukin 1 and platelet-derived and epidermal growth factors, have been shown to stimulate fibroblast synthesis of HA in vitro (3, 5) . Thus, several factors related to immunological and/or inflammatory responses of the heart graft rejection may stimulate HA synthesis in the heart. HA has unique water-binding properties and can become extremely hydrated. Previous physical/chemical studies of HA in vitro have also shown that when the concentration of high molecular HA is > 0.2 mg/ml, the molecules become entangled, forming a network that occupies the solvent space and excludes large molecules. This phenomenon, called steric exclusion, may influence water transport and osmotic activity in the intercellular matrix (8) . The present study demonstrates that the water content of recipient's original heart was not influenced by the heart transplantation or by the allograft rejection. The increase in the water in the cardiac grafts seems to be the combined result of the operation trauma and the graft rejection. Thus, by the second posttransplantation day the water content had increased by < 3% in syngeneic as well as allogeneic cardiac grafts. During the following 4 d the water content remained constant in the syngeneic grafts, but increased progressively in the. allogeneic grafts. On day 6 postoperation the water content was on average 5.7% higher in the allogeneic heart graft than that in the healthy heart. The increase in the water content of the syngeneic grafts was associated with an increase in the HA content of the graft. The increased HA content during the observation period was paralleled by a corresponding increase in the relative water content during the progression of rejection of the allogeneic grafts. These findings offer indirect support for a link between HA and water accumulation in cardiac graft tissue. The accumulated HA is mainly localized in the swollen interstitial myocardial tissue. Further, the average increase in HA and the water content in graft tissue corresponds to an HA concentration of 1.6 mg/ml increased water volume. The microscopic findings suggest that most of the water accumulates in the interstitial tissue, and our calculations indicate that the HA accumulation is sufficient to induce steric exclusion phenomena and thereby an interstitial edema.
We have previously reported that a pronounced accumulation of HA in the smaller airways of patients with acute alveolitis (9) is linked to reduced diffusion capacity, which constitutes an indirect sign of alveolar interstitial edema. In experimental alveolitis the HA accumulation has been localized to the swollen alveolar interstitial tissue space (10) . Likewise, the HA content appears to be linked to the water accumulation in the lung tissue during the edematous phase of the lung injury. Thus, the available data indicate that HA accumulation may occur as a general phenomenon in various organs attacked by inflammatory cells and seems to be implicated in the development of tissue edema.
The synthesis of a matrix rich in HA seems to be an important event during the early stages of the formation and remodeling of embryonic tissue. The matrix is thereby stabilized and cell infiltration and migration are stimulated (21) (22) (23) (24) . Similar effects may be important for tissue reaction during an inflammatory/immunological attack. Thus, the early accumulation of HA and water in the myocardial interstitial tissue during rejection may facilitate the cell infiltration and thereby the rejection. HA may also be an important regulatory molecule for cells involved in the inflammatory process (25) (26) (27) (28) (29, 30) , possibly by reversal of increased coronary vascular resistance and reduction of tissue edema (31, 32) .
